Here we report a simple two-step synthesis of magnetite nanoparticles (NPs) coated with silica shell functionalized with 3-aminopropyl groups. The content of surface amino groups within the range of 0.7-2.8 mmol g .
ABSTRACT:
Here we report a simple two-step synthesis of magnetite nanoparticles (NPs) coated with silica shell functionalized with 3-aminopropyl groups. The content of surface amino groups within the range of 0.7-2.8 mmol g was established by elemental analysis and acid-base titration. The materials obtained are hydrolytically stable in acidic medium and are rapidly separated from the solution using an external magnetic field. It was shown that the prepared NPs efficiently extract palladium(II) ions in the form of [PdCl 4 ] 2-from the solution. The kinetics of adsorption was well described by the second-order model with the rate constant of approximately 0.76 g mmol -1 minute -1 . The isotherm of adsorption is fitted by the Langmuir model with the maximum [PdCl 4 ] 2-adsorption capacity of 0.158 mmol g -1 .
INTRODUCTION
Magnetic nanocomposites (MNs), especially those containing magnetite, are very promising materials for application in the field of analytical nanotechnology, as they exhibit superparamagnetic properties, high surface area and are biodegradable and biocompatible. Such nanoparticles (NPs) can be easily separated from an aqueous solution using a conventional magnet, which dramatically simplifies the process of their fabrication and use. The prospective areas of their application in analytical chemistry include separation, concentration, identification of chemical compounds and specific biological cells (de Dios and Díaz-García 2010) . MNs are widely used in solid-phase extraction (SPE), especially, for the extraction of heavymetal ions from aqueous solutions. It is well-known that SPE is one of the most efficient techniques used for the separation and pre-concentration of heavy metals from water solutions (Zaporozhets et al. 1996) , because it is simple, does not consume large volumes of toxic organic solvents and is capable of achieving high enrichment factors (Cheng et al. 2012; Huang and Hu 2008) . Thus, MNs are used to retrieve toxicants such as Cr(III) (Cheng et al. 2012; Song et al. 2011) , Pb(II) (Cheng et al. 2012; Huang and Hu 2008; Li et al. 2011; Madrakian et al. 2012; Xu et al. 2012) , Cu(II) (Cheng et al. 2012; Huang and Hu 2008; Podzus et al. 2012) , Hg(II) (Huang and Hu 2008; Li et al. 2011; Song et al. 2011) , Cd(II) (Gong et al. 2012; Huang and Hu 2008; Song et al. 2011) , as well as Zn(II) (Cheng et al. 2012) and Mn(II) (Song et al. 2011 ) from a variety of solutions.
Another important group of microelements used for this purpose are platinum group metals, especially palladium. At present, palladium is predominantly used in the automobile catalytic converter industry and there is a constant increase in the consumption of Pd (Zereini et al. 2012) .
Concentrated acidic solutions of palladium are used in the fabrication of catalytic converters. At the end of the impregnation process, the effluents contain substantial amounts of dissolved Pd(II) (Terrazas-Rodríguez et al. 2011) . Palladium is also used in electroplating (Martin et al. 1986; Vangaever et al. 1984) . It may thus be necessary to regenerate this material in order for it to be used in the next cycle of electrodeposition. Therefore, it is of great importance to develop efficient methods for the extraction of palladium from both the environmental samples and the industrial effluents.
In this study, MNs with anionic-exchange 3-aminopropyl surface groups were synthesized and applied in SPE of anionic palladium complexes [PdCl 4 ] 2-from their aqueous solutions.
MATERIALS AND METHODS

Chemicals and Reagents
The 
Synthesis of Magnetite Nanoparticles
Magnetite NPs were synthesized by the co-precipitation of Fe(II) and Fe(III) chlorides in alkaline medium according to the method suggested by Ranjbakhsh et al. (2012) , but with some modifications. The chemical reaction can be expressed as follows:
The synthesis was carried out under an atmosphere of nitrogen in deionized water. After the addition of NH 3 ⋅H 2 O to the vigorously stirred solution of iron salts, the colour immediately changes from orange to black. The prepared magnetite NPs were separated from the solution using a magnet and were rinsed with deionized water until all the by-products were washed out (the completion of NH 4 + removal was controlled by Nessler's reagent). The prepared Fe 3 O 4 NPs were stored in deionized water (concentration, 21 mg ml -1 ).
Modification of Magnetite Nanoparticles with Silica Shell and Its Functionalization with Amino Groups
The magnetite was functionalized according to the method proposed by Melnyk and Zub (2012) , but with some modifications. The total volume of magnetite/water suspension was adjusted to 25 ml. The solution was ultrasonicated for 8 minutes at 22 kHz. The suspension was then transferred into a 1000-ml round-bottom flask and mixed with 250 ml of ethanol under constant stirring at 80 °C. Approximately 10 ml of solution containing different amounts of TEOS and NH 4 F was added dropwise into a dispersion. This mixture was allowed to cool down, following which the solution of APTES in ethanol was added. The obtained NPs [Fe 3 O 4 @SiO 2 ≡ Si(CH 2 ) 3 NH 2 ] were washed with ethanol (5 × 50 ml) to remove the unreacted silanes. The prepared material was dried at 100 °C for 4.5 hours. To evaluate the leaching of iron from the polysiloxane shell in acidic solution, the following procedure was applied: two samples of nanocomposites (NCs, 50 mg each) were transferred into 25 ml of HCl (0.10 and 0.01 M) and left for 120 minutes. The presence of iron in the solution was controlled by the treatment with thiocyanate.
Pd(II) Adsorption Experiments
All adsorption experiments were carried out at room temperature. The model solutions were prepared by sequential dilution of standard solution of H 2 PdCl 4 . In order to adjust the ionic strength to 0.1 M, 1 M solution of NaCl was used. The pH was adjusted with NaOH (0.1 M) and HCl (0.1 M). The impact of pH on the efficiency of adsorption was studied at the solution volumeto-adsorbent weight ratio of 600 ml g -1
. The kinetics of Pd(II) adsorption was studied at pH 4, with the solution volume-to-sample weight ratio of 400 ml g -1
. The static adsorption experiments were conducted at pH 4, with the solution volume-to-adsorbent weight ratio of 250 ml g -1 .
Apparatus
The morphology of NPs was characterized with an analytical scanning electron microscope (JSM-6060 LA, JEOL, Tokyo, Japan). To prevent the accumulation of surface charge and to increase the image contrast, the samples were sputtered with gold by cathode sputtering using an ion sputter (Fine Coat JFC-1100 Ion Sputter, JEOL). The NPs were also characterized with a transmission electron microscope (JEM-1230; JEOL). The crystalline phases were characterized by X-ray diffraction using Co-K a radiation (DRON-4-07 diffractometer) in the 2θ range of 20-80 °. The rate of scanning was 0.1 °/minute.
The DRIFT spectra in the 4000-400 cm -1 range were recorded on a spectrometer (Thermo Nicolet Nexus FTIR, MN) using the SMART Collector at a resolution of 4 cm -1
. Samples were mixed with pre-calcined KBr (for infrared spectroscopy; Aldrich) at the 1:30 ratio. The data were processed by the software of the spectrometer supplier (OMNIC). The content of surface amino groups within the NCs was determined by nitrogen elemental analysis by applying the Dumas method and by acid-base titration using methyl orange as an indicator. The concentration of Pd(II) in the solutions was measured by flame atomic absorption spectroscopy (AAS1N; Carl Zeiss, Jena, Germany). The air-acetylene flame was used to ionize the sample [excitation wavelength (λ) = 247.6 nm].
RESULTS AND DISCUSSION
X-Ray Diffraction Analysis of Magnetite
To prevent the formation of goethite, hematite and ferric hydroxide during the synthesis of Fe 3 O 4 NPs, which affects the magnetization process, the synthesis was conducted in the absence of oxygen. For this purpose, the water used in the experiments was deionized by nitrogen for 90 minutes in order to completely remove the dissolved oxygen. In addition, all the subsequent procedures were carried out under the nitrogen atmosphere. The X-ray diffractogram of the synthesized Fe 3 O 4 is shown in Figure 1 .
The absence of intense peaks at 2θ = 38.7° and 58.1°, which correspond to the (104) and (204) planes, respectively, indicates that no hematite (a-Fe 2 O 3 ) was formed in the reaction. In addition, the absence of characteristic peaks at 2θ = 24.7°, 38.8° and 69.9°, which correspond to the (101), (301) and (212) planes of goethite [a-FeO(OH)], respectively, confirm that magnetite is the prevailing phase in the obtained powder. The absence of aforementioned by-products is important to achieve maximum magnetization of the particles (Thanh 2012) . It is worth mentioning that some portion of magnetite may transform into maghemite when drying the suspension, which can be deduced from the slight change in colour of the powder (from black to brownish black). However, it is hard to distinguish between these two iron oxides, because their most intense peaks overlap, as both of them have spinel crystal lattice. The formation of maghemite does not have a considerable impact on the magnetization of the final product, as both oxides are superparamagnetic.
Optimization of the Conditions of Surface Modification
For the synthesis of NCs, different ratios of Fe 3 O 4 :TEOS:APTES (mol) were tested, in particular, 1:10:1, 1:10:5 and 1:20:1. The content of amino groups within the NCs as a function of the ratio of alkoxysilanes is presented in Table 1 . As shown in Table 1 , with the increase in the concentration of APTES, the content of 3-aminopropyl groups increases. The results, obtained by two methods, are in good agreement with each other (deviations ± 10%). Consequently, most of the 3-aminopropyl groups are accessible for hydrogen ions from the solution. Interestingly, at the 
Fourier Transform Infrared Spectroscopy Characterization of NCs
The Fourier transform infrared spectroscopy spectra of magnetite (1), magnetite modified with silica shell (Fe 3 O 4 @SiO 2 ; 2) and magnetite modified with silica shell, functionalized with 3-aminopropyl groups (3) are presented in Figure 2 . The IR spectra of all these samples contain broad and intense band with the maximum in the 3300-3365 cm -1 region and the adsorption band of medium intensity at the 1635 cm -1 region, which correspond to the stretching ν (OH) and bending δ (H 2 O) vibrations of water adsorbed on the surface, respectively. The intense bands at 633 and 557 cm -1 are assigned to the stretching modes of (Fe-O). Functionalized samples contain one broad absorption band at 600 cm -1 (Figure 2 , lines 2 and 3), which overlaps with the absorption of the polysiloxane layer. The intense absorption band at 1060-1070 cm -1 (Figure 2 , lines 2 and 3) is attributed to asymmetric stretching ν as (Si-O-Si) of the polysiloxane layer, which confirms the formation of the silica layer on the surface of magnetite. The occurrence of an absorption band at 1539 cm -1 δ(NH 2 ) in the IR spectrum of Fe 3 O 4 @SiO 2 ≡ Si(CH 2 ) 3 NH 2 (Figure 2 , line 3) indicates the presence of an amino group that participates in the formation of a hydrogen bond with the water adsorbed. Low-intensity absorption bands at 2881 and 2939 cm -1 , which are assigned to the stretching ν s , as (CH) of methylene groups and low-intensity bands in the 1290-1470 cm -1 region, corresponding to bending vibrations δ(CH 2 ) of the same groups, indicate the presence of 3-aminopropyl groups within the surface layer.
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ν(cm Thus, the infrared spectroscopy data for the sample Fe 3 O 4 @SiO 2 ≡ Si(CH 2 ) 3 NH 2 confirm the formation of polysiloxane layer, functionalized with 3-aminopropyl groups on the surface of magnetite NPs. It was also shown that the amino groups form hydrogen bonds with the adsorbed water.
Morphology of Nanoparticles
It is well-known that the magnetic properties of NPs are different from those of bulk materials. Indeed, under certain critical radius values, the multi-domain structure, which is inherent in bulk magnetite and maghemite, becomes no longer stable, subsequently forming a single-domain structure. In this condition, the particle is uniformly magnetized throughout the volume and possesses the so-called superspin property. For magnetite and maghemite, the critical radii are 52.7 and 42.5 nm, respectively (Thanh 2012) . Thus, it is necessary to obtain particles with the radii lower than these aforementioned critical values.
The morphology of Fe 3 O 4 was studied using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The images of magnetite without the sonication treatment and after 10 minutes of sonication and the corresponding size-distribution images are shown in Figure 3 . As shown in Figures 3(a and b) , the synthesized NPs that were not subjected to the sonication treatment showed broad size distribution, with the biggest portion having diameter in the range of 90-120 nm. As presented in Figures 3(c and d) , the sonication treatment significantly reduced the aggregation, and the size distribution of the particles is quite narrow (average diameter, approximately 12 nm). To assess the morphology of Fe 3 O 4 @SiO 2 ≡ Si(CH 2 ) 3 NH 2 , the images were . It can be concluded that the functionalized magnetite NPs had a tendency to aggregate, although the size of the biggest portion of the particles does not considerably differ from that of the unmodified magnetite.
Adsorption of Pd(II) from Aqueous Solutions
The NC with δ(NH 2 )* = 1.3 mmol g -1 was used in the adsorption of [PdCl 4 ] 2-from aqueous solutions. As shown in Figure 5 , the most appropriate pH for the extraction of palladium is between 4 and 5. Because the adsorption efficiency does not increase considerably at pH > 5 and to prevent the hydrolysis of Pd(II), all the subsequent experiments were carried out at pH 4.0 ± 0.5. The kinetic curve of palladium adsorption is presented in Figure 6 . It can be seen that the equilibrium is achieved within 50-60 minutes. The time-dependent adsorption curve was fitted well by the second-order kinetic model (Podzus et al. 2012) . where a i and a e are the capacity of the NC at time t and at the state of equilibrium, respectively (μmol g -1 ); k is the rate constant of a second-order reaction (g mmol -1 minute -1 ), which was calculated according to equation (2) . The adsorption isotherm of palladium is presented in Figure 7 (a). The adsorption isotherm was fitted by the Langmuir model, which implies high affinity between the surface amino groups of NC and [PdCl 4 ] 2-. The Langmuir equation, which was used to fit the experimental data, is given as follows:
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where a i and a m are the capacity of the adsorbent at time t and at the state of saturation, respectively (μmol g -1 ); k is the equilibrium adsorption constant (l μmol (k = 7.7 × 10 4 M -1 ), and the protonation of amino groups under the experimental conditions [pK a of 3-aminopropyl groups is close to the pK a of n-propylamine, which is 10.7 (Carre et al. 2007) ] imply the ionic-exchange mechanism of palladium adsorption on the surface of an NC [equation (4) 
The maximal adsorption capacity is 0.158 mmol g -1
, whereas the content of amino groups within the adsorbent is 1.3 mmol g . Such a phenomenon may be explained by an incomplete protonation of amino groups on the surface because of their mutual repelling. The formation of unstable ionic associates between [PdCl 4 ] 2-and the protonated surface silanol groups explains the sharp decrease in the extraction of Pd(II) at pH < 3. By contrast, at pH > 4, the extraction of palladium becomes quantitative, as under these circumstances, the ionic association is accomplished predominantly by protonated amino groups.
Stability in Acidic Medium and Reuse of the Adsorbent
It has been estimated that at least 120 minutes after the contact with HCl (0.10 and 0.01 M) no iron is leached out of the polysiloxane shell. Thus, it was concluded that the prepared NCs are hydrolytically stable even under harsh conditions. To desorb palladium from the adsorbent and to assess the reusability of the material, the NC was treated with 2% solution of thiourea in 0.1 M HCl for 10 minutes. Figure 8 shows the efficiency of adsorption and desorption under such conditions after five cycles of treatment. As shown in Figure 8 , with every cycle of desorption, the efficiency of Pd(II) extraction decreases. However, in the first two cycles, the efficiency of adsorbent regeneration is more than 80%. This decrease in the efficiency may be attributed to the formation of hydrogen bonds between protonated surface amino groups of the adsorbent and the sulphur atoms of thiourea. 
CONCLUSIONS
Synthesized magnetically driven NCs quantitatively extract palladium in the form of [PdCl 4 ] 2-and can be easily separated from the solution using a magnet in 5-7 seconds. The maximum adsorption capacity was 0.158 mmol ( , which is not lower than the values of conventional silica-based materials reported previously (Jamali et al. 2007; Tabenska et al. 1999; Zhang et al. 2002) . In addition, the superparamagnetic properties of the synthesized NPs offer several advantages over non-magnetic silica-and coal-based adsorbents.
